Abstract: Nitric oxide (NO) is an immensely important signaling molecule in animals and plants. It is involved in plant reproduction, development, key physiological responses such as stomatal closure, and cell death. One of the controversies of NO metabolism in plants is the identification of enzymatic sources. Although there is little doubt that nitrate reductase (NR) is involved, the identification of a nitric oxide synthase (NOS)-like enzyme remains elusive, and it is becoming increasingly clear that such a protein does not exist in higher plants, even though homologues have been found in algae. Downstream from its production, NO can have several potential actions, but none of these will be in isolation from other reactive signaling molecules which have similar chemistry to NO. Therefore, NO metabolism will take place in an environment containing reactive oxygen species (ROS), hydrogen sulfide (H 2 S), glutathione, other antioxidants and within a reducing redox state. Direct reactions with NO are likely to produce new signaling molecules such as peroxynitrite and nitrosothiols, and it is probable that chemical competitions will exist which will determine the ultimate end result of signaling responses. How NO is generated in plants cells and how NO fits into this complex cellular environment needs to be understood.
Introduction
Since nitric oxide (NO) was mooted to be an important signaling molecule in animals in 1987 [1] , and with the subsequent reporting of its role in plant signaling [2] [3] [4] , there has been extensive work on investigating its function in plants.
Higher plants would have evolved through a lineage that would have been exposed to a range to toxic and reactive compounds and have therefore adapted to encompass them into their normal metabolism [5] . NO, along with reactive oxygen species (ROS) such as the superoxide anion (O 2 ·− ) and hydrogen peroxide (H 2 O 2 ), along with hydrogen sulfide (H 2 S), works as part of a suite of relatively reactive small molecules in cells which help to control the cell's activity and the function of proteins. NO has been implicated in seed germination [6] , root development [7] , stomatal closure [8] , pathogen challenge [9] , plant reproduction [10, 11] and stress responses [12] . Therefore, how NO is produced, perceived and leads to a range of effects is important to unravel. The generation of NO in plants remains controversial, as discussed below, while the measurement of NO [13] in plant materials is still contentious, and often it is not possible to give its sub-cellular location or quantification. This can itself lead to problems with interpretation, as it is not known if NO accumulates to significant, perhaps what could be referred to as threshold, levels, or whether the accumulation of NO is compartmentalized, as reported for other signaling molecules [14] , such as approach was used. This way of searching for a NOS-like enzyme is predicated on the fact that there should be domains or motifs which are important for NOS-like function, and therefore there should be some level of conservation in these sequences, albeit perhaps hard to find. The mammalian enzymes contain an oxidase domain, a reductase domain and regions which are able to interact with calmodulin [36] . Here, small stretches of sequence have been used to search for possible NOS-like candidates in Arabidopsis and Oryza (Table 1) . These relatively short sequences have been derived from the work of others [37, 38] , such as those looking for NOS-interactions in rat NOS, as well as using the Prosite [39] NOS signature and sequences identified from alignments of the three human NOS proteins using ClustalOmega [40] (data not shown). The relative positions of such sequences within the rat nNOS peptide sequence is shown in Figure 1 .
If a plant NOS-like enzyme were to function in a manner similar to a mammalian one, it should have a reductase domain capable of oxidizing NAPDH and having a flavin prosthetic group, such as flavin mononucleotide (FMN). The mammalian NOS reductase is homologous to that of the P450 family of enzymes [41] . Plants have reductases which are similar. Arabidopsis has two proteins which can identified as p450 reductases: NP_001190823 and NP_194750. Some of the short sequences used in Table 1 , such as eNOS 952-980, found evidence of reductases in the plant genomes searched. It is therefore possible that any NOS-like enzyme in plants does not have a dedicated reductase, but can draw electrons from other reductases, which are possibly multifunctional.
If there is no need for a dedicated reductase domain, this is almost certainly not true for the oxidase domain. To generate NO, this is the active site that would need to exist. It is very possible that the plant NOS-like protein may only be an oxidase domain, lacking a reductase. It has been reported that bacterial NOS enzymes are indeed like this, lacking a reductase but using electron donation from a nonspecific reductase [42] . Therefore, a search for the oxidase domain is important.
Using the NOS signature from the rat nNOS sequence (NM_052799 XM_346438) in Blastp at NCBI had the highest score hit of hypothetical protein OsI_24933 [Oryza sativa Indica Group] ID: EAZ02807.1. This had the following match:
should be domains or motifs which are important for NOS-like function, and therefore there should be some level of conservation in these sequences, albeit perhaps hard to find. The mammalian enzymes contain an oxidase domain, a reductase domain and regions which are able to interact with calmodulin [36] . Here, small stretches of sequence have been used to search for possible NOS-like candidates in Arabidopsis and Oryza (Table 1) . These relatively short sequences have been derived from the work of others [37, 38] , such as those looking for NOS-interactions in rat NOS, as well as using the Prosite [39] NOS signature and sequences identified from alignments of the three human NOS proteins using ClustalOmega [40] (data not shown). The relative positions of such sequences within the rat nNOS peptide sequence is shown in Figure 1 . If a plant NOS-like enzyme were to function in a manner similar to a mammalian one, it should have a reductase domain capable of oxidizing NAPDH and having a flavin prosthetic group, such as flavin mononucleotide (FMN). The mammalian NOS reductase is homologous to that of the P450 family of enzymes [41] . Plants have reductases which are similar. Arabidopsis has two proteins which can identified as p450 reductases: NP_001190823 and NP_194750. Some of the short sequences used in Table 1 , such as eNOS 952-980, found evidence of reductases in the plant genomes searched. It is therefore possible that any NOS-like enzyme in plants does not have a dedicated reductase, but can draw electrons from other reductases, which are possibly multifunctional.
The same match was found for an Arabidopsis thaliana hypothetical protein (amino acids 115-122: Table 1 ). Others on the Blastp output are annotated as F-box kelch-repeat proteins. Putting both the Oryza and Arabidopsis sequences through Prosite revealed nothing of significance; only phosphorylation sites and other Prorules for post-translational modifications. Therefore, these hypothetical proteins look unlikely to be able to act as part of a NOS protein.
Using the NOS signature from the Prosite ProRule data (PS60001) revealed nothing in plants of significance, but it did pull out NOS-like sequences from a range of other organisms, including Staphylococcus and insects. Therefore, there is little evidence of this short NOS signature sequence being in either Arabidopsis or Oryza databases, at least to date.
NOS is likely to interact with other peptides, and this would be a way to identify important functional regions. The calmodulin-interacting regions (CaM) from the rat sequence revealed nothing of note. When the three human NOS sequences were aligned, these CaM motifs were not represented in all NOS peptides, and therefore it could be argued that they are not essential, and not finding them does not rule out the presence of a plant NOS. Others have looked for other interacting regions as well [37, 38] ; for example, between the FMN and oxidase domains. Taking interesting sequences such as those thought to be involved in protein interactions from the literature also failed to reveal a likely NOS sequence in Arabidopsis or Oryza (Table 1) .
It can be concluded so far, in that case, that there is no significant evidence from the sequence searching of a NOS-like protein in two plant sequences for which major genome sequencing projects have been undertaken [43, 44] .
It can be concluded so far, in that case, that there is no significant evidence from the sequence searching of a NOS-like protein in two plant sequences for which major genome sequencing projects have been undertaken [43, 44] . Table 1 . Sequences used to search for matches in Arabidopsis and Oryza using Blastp and tBlastn. Areas used from the rat nitric oxide synthase (nNOS) sequence are highlighted in Figure 1 .
Source of Sequence
Sequence Name Sequence Reference/ Source for Sequence Significant Find/Comment
No significant sequence identified using ScanProsite/ previously found in a range of species including Staphylococcus, insects and mammals. Table 1 .
NOS in other species is not a stand-alone protein, but has interacting partners. NOS-interacting proteins can be found in the literature (Table 1) , such as nostrin [45] , carboxyl terminal PDZ ligand [46] and NOS-interacting protein [47] . Searching for evidence of such proteins in plant genomes may give circumstantial evidence of a NOS-like protein in plants. The nostrin sequence found plant proteins which can interact, perhaps through SH3 domains (Table 1) . However, the most intriguing Table 1. NOS in other species is not a stand-alone protein, but has interacting partners. NOS-interacting proteins can be found in the literature (Table 1) , such as nostrin [45] , carboxyl terminal PDZ ligand [46] and NOS-interacting protein [47] . Searching for evidence of such proteins in plant genomes may give circumstantial evidence of a NOS-like protein in plants. The nostrin sequence found plant proteins which can interact, perhaps through SH3 domains (Table 1) . However, the most intriguing fact was that the Homo sapiens NOS interacting protein isoform (NP_057037) was revealed in both the Arabidopsis and Oryza data proteins, which have already been annotated as NOS-interacting proteins (XP_020890108.1 & XP_006649867.1, respectively). Such proteins may be used as lures to find interacting partners in plant extracts, some of which may have NOS-like activity.
Overall, the bioinformatic searching carried out here, although by no means exhaustive, showed no clear evidence of a NOS-like protein in plants, although elements such as a reductase do clearly exist. These data are not contrary to those found and reported by others [33] .
Interactions of Nitric Oxide with Other Reactive Signals
When the chemistry of nitric oxide is discussed, it is often assumed that this involves the radical form: NO · . However, with the loss or gain of an electron, other forms are nitroxyl (NO − ) and nitrosonium (NO + ) ions [48] . It is important to appreciate that NO will not be generated in cells in isolation. It is often produced in response to a stress, and as such, other signals will be accumulating at the same time, including ROS and H 2 S. If cadmium ion stress in plants is taken as an example, the cellular response includes the generation of NO and ROS [49] , as well as H 2 S [50] , all presumably being accumulated in the same sub-cellular location, such as the cytoplasm. Therefore, it is important to consider how NO may interact with other compounds that are present.
One of the main downstream effects of NO is the post-translational modifications of thiols ( Figure 2 ) and other amino acids such as tyrosine. S-nitrosation (often referred to as S-nitrosylation) is the modification of the -SH group to -SNO [51] , which may cause a conformational change in the protein, with a concomitant change in activity or function. However, the thiol group may also be modified by oxidation, S-persulfidation by H 2 S, glutathionylation by GSH, or reaction with another thiol to create a disulfide (reviewed previously [52] ), and so a reaction with NO is not necessarily the outcome. With such a range of possible reactions, the actual resultant change seen will be dependent on the local concentrations of reactants and the kinetics of the possible reactions. fact was that the Homo sapiens NOS interacting protein isoform (NP_057037) was revealed in both the Arabidopsis and Oryza data proteins, which have already been annotated as NOS-interacting proteins (XP_020890108.1 & XP_006649867.1, respectively). Such proteins may be used as lures to find interacting partners in plant extracts, some of which may have NOS-like activity. Overall, the bioinformatic searching carried out here, although by no means exhaustive, showed no clear evidence of a NOS-like protein in plants, although elements such as a reductase do clearly exist. These data are not contrary to those found and reported by others [33] .
When the chemistry of nitric oxide is discussed, it is often assumed that this involves the radical form: NO · . However, with the loss or gain of an electron, other forms are nitroxyl (NO − ) and nitrosonium (NO + ) ions [48] . It is important to appreciate that NO will not be generated in cells in isolation. It is often produced in response to a stress, and as such, other signals will be accumulating at the same time, including ROS and H2S. If cadmium ion stress in plants is taken as an example, the cellular response includes the generation of NO and ROS [49] , as well as H2S [50] , all presumably being accumulated in the same sub-cellular location, such as the cytoplasm. Therefore, it is important to consider how NO may interact with other compounds that are present.
One of the main downstream effects of NO is the post-translational modifications of thiols (Figure 2) and other amino acids such as tyrosine. S-nitrosation (often referred to as S-nitrosylation)
is the modification of the -SH group to -SNO [51] , which may cause a conformational change in the protein, with a concomitant change in activity or function. However, the thiol group may also be modified by oxidation, S-persulfidation by H2S, glutathionylation by GSH, or reaction with another thiol to create a disulfide (reviewed previously [52] ), and so a reaction with NO is not necessarily the outcome. With such a range of possible reactions, the actual resultant change seen will be dependent on the local concentrations of reactants and the kinetics of the possible reactions. The protein modification by NO is, however, an important signaling process. Many proteins in plants have been identified as being nitrosated [51] , with a good example being glyceraldehyde 3-phosphate dehydrogenase (GAPDH). In mammalian cells, it has been shown that on S-nitrosation, the enzyme translocates to the nucleus, thus abandoning its role in glycolysis to take up a new role in the control of gene expression [53] . In plants, GAPDH has also been shown to be S-nitrosated, and cytosolic GAPDH can interact with nuclear DNA, specifically to a partial gene sequence of NADPdependent malate dehydrogenase [54] . However, GAPDH can also be modified through oxidation by H2O2 [55] and in addition be S-persulfidated by H2S [56] , with the latter known to lead to its The protein modification by NO is, however, an important signaling process. Many proteins in plants have been identified as being nitrosated [51] , with a good example being glyceraldehyde 3-phosphate dehydrogenase (GAPDH). In mammalian cells, it has been shown that on S-nitrosation, the enzyme translocates to the nucleus, thus abandoning its role in glycolysis to take up a new role in the control of gene expression [53] . In plants, GAPDH has also been shown to be S-nitrosated, and cytosolic GAPDH can interact with nuclear DNA, specifically to a partial gene sequence of NADP-dependent malate dehydrogenase [54] . However, GAPDH can also be modified through oxidation by H 2 O 2 [55] and in addition be S-persulfidated by H 2 S [56] , with the latter known to lead to its translocation to the nucleus. Clearly, there is competition between reactive signals in cells [52] , and it cannot be assumed that NO signaling will dominate. However, methods to identify thiol modifications will help to unravel such signaling [57, 58] .
S-nitrosation also has a role in mediating the interplay between NO and other reactive signaling mechanisms, such as those involving ROS. For example, key enzymes which generate ROS, such as NAPDH oxidase, can be modified by NO. It has been reported that RBOHD is S-nitrosated at Cys890 which inactivates the enzyme and thus reduces its ROS-generating activity [59] . Therefore, NO has an important role in controlling ROS levels and hence the potential downstream signaling here.
The second important modification of proteins brought about by NO is tyrosine nitration [60] , and again this may lead to alterations of function. As with S-nitrosation, NO interaction will lead to conformational changes in the protein and commensurate changes in activity, either increased or decreased. Some of these modifications may have the result of altering other signaling pathways mediated by other reactive signals; for example, tyrosine nitration can alter superoxide dismutase (SOD) activity and hence ROS signaling [61] .
As NO and ROS are produced in the cell at the same time, it is important to consider their interaction and the ramifications of this chemistry. The most well-known reaction of NO and ROS it that between the superoxide anion and NO which produces peroxynitrite (ONOO − ) (Figure 3 ). This has two potentially important outcomes. Firstly, the reaction removes both O 2 ·− and NO from the cell or the cell's environment, thereby reducing the bio-availability of both. Thus both ROS-dependent signaling, perhaps through H 2 O 2 , and NO signaling would be reduced. Secondly, there is a new compound produced which itself can act as a signaling molecule [62] , perhaps giving a different response than would have resulted from ROS or NO signaling. translocation to the nucleus. Clearly, there is competition between reactive signals in cells [52] , and it cannot be assumed that NO signaling will dominate. However, methods to identify thiol modifications will help to unravel such signaling [57, 58] . S-nitrosation also has a role in mediating the interplay between NO and other reactive signaling mechanisms, such as those involving ROS. For example, key enzymes which generate ROS, such as NAPDH oxidase, can be modified by NO. It has been reported that RBOHD is S-nitrosated at Cys890 which inactivates the enzyme and thus reduces its ROS-generating activity [59] . Therefore, NO has an important role in controlling ROS levels and hence the potential downstream signaling here.
As NO and ROS are produced in the cell at the same time, it is important to consider their interaction and the ramifications of this chemistry. The most well-known reaction of NO and ROS it that between the superoxide anion and NO which produces peroxynitrite (ONOO − ) (Figure 3 ). This has two potentially important outcomes. Firstly, the reaction removes both O2 ·-and NO from the cell or the cell's environment, thereby reducing the bio-availability of both. Thus both ROS-dependent signaling, perhaps through H2O2, and NO signaling would be reduced. Secondly, there is a new compound produced which itself can act as a signaling molecule [62] , perhaps giving a different response than would have resulted from ROS or NO signaling. The generation of NO will also be into an environment rich in antioxidants. NO may affect the activity of enzymatic antioxidants, as mentioned above, where NO, through a peroxynitrite-mediated mechanism, altered SOD activity [61] , and hence reduced the cell's capacity to remove superoxide anions and produce H2O2, with the latter being important in signaling. In a similar manner, NO can alter catalase activity [63] , thus lowering the cell's capacity to remove H2O2, perhaps prolonging ROSmediated signaling.
A large part of the antioxidant capacity of the cell is due to the presence of low molecular-weight antioxidants. There are a range of small low molecular-weight thiols in cells [64] , but one of the most important is glutathione [65] . This exists in the reduced state (GSH) and the oxidized state (GSSG), with the ratio of these compounds, along with the total GSH+GSSG concentration, being partly responsible for the maintenance of the intracellular environment in a very reduced state [65] , probably below -200 mV. It is possible that the presence of NO-as it is a redox compound-will lead to the intracellular redox status being altered. It is known that the intracellular redox environment is not static and becomes more oxidizing if cells are in an apoptotic state [65] , but it is also possible that the redox environment determines the state of any NO couple and hence the longevity of any NO species, as previously discussed [64, 66] . In some cases, for example as the cell becomes more The generation of NO will also be into an environment rich in antioxidants. NO may affect the activity of enzymatic antioxidants, as mentioned above, where NO, through a peroxynitrite-mediated mechanism, altered SOD activity [61] , and hence reduced the cell's capacity to remove superoxide anions and produce H 2 O 2 , with the latter being important in signaling. In a similar manner, NO can alter catalase activity [63] , thus lowering the cell's capacity to remove H 2 O 2 , perhaps prolonging ROS-mediated signaling.
A large part of the antioxidant capacity of the cell is due to the presence of low molecular-weight antioxidants. There are a range of small low molecular-weight thiols in cells [64] , but one of the most important is glutathione [65] . This exists in the reduced state (GSH) and the oxidized state (GSSG), with the ratio of these compounds, along with the total GSH+GSSG concentration, being partly responsible for the maintenance of the intracellular environment in a very reduced state [65] , probably below −200 mV. It is possible that the presence of NO-as it is a redox compound-will lead to the intracellular redox status being altered. It is known that the intracellular redox environment is not static and becomes more oxidizing if cells are in an apoptotic state [65] , but it is also possible that the redox environment determines the state of any NO couple and hence the longevity of any NO species, as previously discussed [64, 66] . In some cases, for example as the cell becomes more oxidizing, the presence of NO · will be prolonged, and so this will enhance NO · -mediated signaling.
Importantly, NO and glutathione can react together to produce GSNO. This potentially has the capacity to reduce GSH/GSSG levels in cells, and hence potentially alter the intracellular redox environment, especially if the reaction is compartmentalized. The reaction will also remove NO from directly partaking in further signaling. However, GSNO has important roles as well. GSNO can act as a donor and therefore a reservoir of NO, and it has been suggested that GSNO can mediate some NO effects [67] , having distinct and overlapping molecular targets when compared to NO itself. GSNO has also been mooted as an important mechanism to transport NO around organisms [68] , perhaps through the vasculature system of plants. To terminate GSNO-mediated signaling, it can be removed by the action of GSNO reductase [69, 70] , which would lower the bioavailability of NO.
Another reactive signal which may interfere with NO signaling is hydrogen sulfide (H 2 S). H 2 S has recently been found to be an important signaling molecule in both animals and plants [71] [72] [73] . It is produced in response to a range of stresses, such as cadmium ions, as mentioned above [50] . H 2 S can react directly with NO to produce nitrosothiol ( Figure 3 ). As discussed above, this will reduce the bioavailability of both H 2 S and NO, but it will also create a new molecule with potential signaling effects [74] . H 2 S will also increase GSH levels in cells [75] and therefore may have the potential to alter the accumulation of GSNO.
Lastly, it has recently been suggested that signaling in animals and plants may involve hydrogen gas (H 2 ) [76] . The presence of H 2 may alter antioxidant levels in cells [77] and so indirectly alter NO metabolism. However, there is also potential for a more direct interaction with H 2 and some nitrogen compounds [78, 79] . Certainly, H 2 has been shown to have effects in plants [80, 81] and has touted as a future treatment for plants [82] . NO has been reported to be needed for some of the H 2 gas effects [83, 84] and no doubt more interactions between NO and H 2 signaling will be revealed in the future.
Conclusions and the Future
NO is a key signaling molecule in plants, being important in plant reproduction [85] , development [86] and plant cell death [87] . However, the production of NO in plants remains controversial. Enzymes such as NR are known to be important [23] , while others such as XOR may be involved. Much data points to the existence of a NOS-like enzyme being present in higher plants, and although there is such an enzyme in algae [29] , the search for homologues in higher plants remains elusive [33] , and it appears that such an enzyme really does not exist. It is possible that a novel peptide has oxidase-type activity which can produce NO, receiving electrons from a less specific reductase, as seen in bacteria [42] , but if such a peptide does exist, it is very difficult to identify.
If there is an oxidase-type enzyme in higher plants it would need to obtain its electrons from somewhere; most likely a reductase, as seen with P450. As can be seen in Table 1 , such reductases in plants do exist and might serve this function. Furthermore, putative NOS-interacting proteins have been identified in plants, as listed in Table 1 . Therefore, by concentrating on proteins which are most likely to interact with an oxidase-like protein and using these as bait in purification experiments, it is possible that the future may see a novel NO-generating oxidase being discovered in higher plants. However, with divergent evolution of plants and animals, and the fact that plants appear to have other NO generating pathways such as nitrate reductase, it may be that such an NO-producing oxidase does not exist.
The role of NO is also complex and not fully understood. NO is made in plants cells in response to the same cues that initiate the generation of ROS and H 2 S, and so NO will not work in isolation. The reaction of NO with ROS or H 2 S will lower the bioavailability of NO, but also produce new signaling molecules, such as peroxynitrite [62] and nitrosothiols [74] , which will have their own outcomes. The impact of NO on the cellular redox poise, especially if compartmentalized, needs to be considered, as does the impact of the redox environment on the NO metabolism that may ensue [64] . NO will interact with antioxidants, such as glutathione, which may even facilitate its organismic transport [68] . Furthermore, one of the main actions of NO is to chemically modify proteins, for example through S-nitrosation, but this may not be possible if other reactive compounds such as H 2 S or ROS have already modified the relevant thiol. Therefore, the downstream actions of NO cannot always be assumed.
In conclusion, two major barriers exist to the progression of NO research in plants. Firstly, the controversy surrounding the presence of NO-generating enzymes needs to be resolved. Here, is it suggested that the term NOS-like is dropped to avoid continual confusion by drawing parallels with the mammalian system, as clearly the homology does not exist. The term nitric oxide-generating (NOG) would be more accurate. Secondly, the way NO is interwoven into the signaling of other important reactive chemicals needs to be understood. Is NO metabolism compartmentalized in such a way that ROS, GSH or H 2 S do not interfere, or is there a competition between all these signals, keeping each other in check, as already been mooted [88] ? Until such issues are resolved, the true nature of the role of NO in plants will remain elusive. Funding: This research received no external funding.
